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IV. Summary of Air Toxics Monitoring Results 

A total of 52 potential air toxics were measured at Arapahoe 4 after the 

combustion modXcations were installed and optimized. Table 3 lists the air 
toxic-s that were sampled during this baseline air toxics test program. Sampling 
of the air toxics occurred from Novembc - 17. 1992 through November 19, 
1992. The unit was operated at a base load of a nominal 100 MWe during the 
testing. No sampling occurred during sootblowing operations. 

Table 4 lists the average operating conditions of the unit during the sampling 
period. The recently optimized combustion modifications were operated at 

approximately 25% overfiie air during the sampling period. Figure 2 shows a 
simplified diagram of the unit and shows the five different sample locations. 
Gaseous samples were obtained at the inlet and the outlet of the FFDC. 
Solid samples were obtain of unpulverized coal, bottom ash, and flyash. This 

report lists the results of the air toxics testing. For details on the methods 
used for sampling, analysis, and quality assurance see the Environmental 
Monitoring Plan (EMP) Addendum for Air Toxics Monitoring, dated July 1993. 

Table 4 

Average Operating Conditions and 
Continuous Emissions Data 

Unit load 103.5 Mw Gross 

Steam flow 847 Mlb/hr 

Stack oxygen 5.49% (wet) 

Stack carbon monoxide 49 ppm (dry) 
Stack nitrogen oxide 292 ppm (dry, 3% 0,) 

Stack sulfur dioxide 393 ppm (dry, 3% 0,) - 

Public Service Company of Colorado contracted with Car-not, Inc of Tustin, 
California to complete the air toxin work at the Arapahoe 4 station. Fossil 
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Barium Beryllium 
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Energy Research Carp of Laguna Hills, California provided some assistance at 

the site and with data collection. Table 5 lists the laboratories used to analye 
the collected samples. 

Table 5 

Laboratories for Air Toxics Analyses 

Analysis Laboratory 

Solid particulate Carnot, Iac 

Chloride (supplemental) Cai-nC~ lnc 

Acid-forming anions Curtis and Tompkins 

Trace metals Curtis and Tompkins 

Volatile organic compounds Atmosphere Assessment Arsodates 

Semi-volatile organic compounds Zenon Environmental Laboratories 

Location 

Tutin, Ca. 

Turtin, Ca. 

Bcrkcley, Ca 

Berkeley, Ca. 

Chatsworth, Ca. 

BUIliUgtOn, 

Radionuclides 

Fuel analysis 

Accu-lab Research Golden, Co. 

Commercial Testing and Engineering Denver, Co. 

A Uncertainty Analysis 

In the tables that follow, a value for uncertainty expressed as a percentage is 

provided for all data. The calculation method used is based upon 

ANSI/ASME FTC 19.1-1985, “Measurement of Uncertainty.” The uncertainty 
is based on a 95% confidence interval for the mass emissions for the target 
species but is expressed as a percentage so that it may be applied to other 
units. A very important part of the method is assigning an estimated bias error 
for the major variables. The value presented represents only an approximation 
of the uncertainty as not all bias errors may be estimated. The uncertainty is 
also not a measure of long-term-trace-species emissions for this boiler, but 
only the uncertainty for the specific test period. It was assumed that the 
samples are a normal population distribution. Bias that were estimated as 

listed below: 



1) For all non-detect data, a bias of one-half of the detection limit was used. 
No bias was assumed for analytical results reported above the detection 
limit. 

2) A bias of 10% was assumed for the flue gas flow rate on both the inlet and 

outlet fabric filter ducts. Bias was estimated by comparing the calculated 

and measured flue gas flow rate. 

3) A bias of 19% was assumed for the inlet particulate collection rate and 
10% was assumed for the outlet particulate collection rate. The bias was 
estimated by examining the isokinetic sample rate for different flue gas 
flow rates. 

4) A bias of 5% was assumed for the coal flow based on the difference of the 

calculated and measured coal flow rate. 

5) A bias of 21% was calculated for the fly ash mass flow rate based upon the 
assumed biases for particulate collection and inlet flue gas flow rate. 

6) A bias of 22% was calculated for the bottom ash mass flow based upon the 
assumed biases for particulate collection, inlet flue gas flow rate, and coal 

flow rate. 

7) .It was assumed that all other measurements were accurate and had a bias 
of 0%. While this scenario is not likely, insufficient data was available to 
make any reasonable assumptions. 

B. Treatment of Non-Detectable Measurements 

Many of the target species for which a measurement was attempted were not 

found using the specified sampling and analytical techniques. If a 
measurement was not possible, the value that could have been measured, i.e. 

F-=9- 16 



the detection limit, if the trace emissions were present are reported. The “non- 
detects” are shown as less than the detection limit. The difficulty occurs when 
averaging various samples of which some or all of the measurements are 

below the detection limit. The following summarizes the two cases: 

1) All values below detection limit 
The arithmetic average of the detection limit is shown with a “c” sign to 
indicate that the trace species is less than the reported average detection 
limit. For example, if a species was not found and the method provided a 
detection limit of 0.45, the values is reported as ~0.45. 

2) Some, but not all, values below detection limit 
The value of all measurements above the detection limit are averaged with 

one-half of the detection limit. For example, if three measurements of 10, 
8, and ~6 are found, the average would be (10+8+6/2)/3 or 7. Note that 
no “c” sign is used in these reported averages even though some of the 
values are below the detection limit. If the average calculated with this 
method is less than the greatest detection limit; the largest detection limit 
is reported and a “<” symbol is used. For example, if values of 6, ~4, and 
~2 were reported, the average would be reported as ~4 and not 

(6 + 4/2+ 2/2)/3 or 3. 

C. Treatment of BIank Values 

Three different types of blanks were used as part of the air toxics test program 
qualiq assurance (QA) program. The QA program included field blanks, 
reagent blanks, and laboratory preparation blanks. 

Field blanks are samples obtained by assembling a complete sample train at 
the test site using the same procedures as when obtaining the actual sample. 
The sample train is then leak checked and disassembled to recover and 
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analyze the sample. Field blanlis are not used to “correct” the data generally 
but the are used to provide an indication of the quality of the sample. 

Reagent blanks consist of samples of the reagent and/or filters that are 
collected at the site. Analysis of these samples show if any of the results were 

caused by existing levels of the trace species in the material used to collect or 
recover the sample. If measurable values of the.trace species are found, the 

data is usually corrected by subtracting the value measured in the reagent. 

Laboratory reagent blanks consist of samples of the chemicals used during the 
measurement analysis. If measurable values of the trace species are found, the 
data is usually corrected by subtracting the value measured in the reagent. Any 
measurable values in the laboratory reagent may be caused by initial trace 

species in the chemicals or to the analytical procedures. 

In the tables that follow the value of the field blank is shown for reference, 
but none of the data has been changed due to these measurements. If a 
measurement has a value near the field blank measurement, there may be 
some question as to the accuracy of the data and the reported value may NOT 
be source related. A separate column lists a blank correction percentage for 
all trace species that were corrected due to either a reagent or laboratory 
reagent blank. This is an average percentage calculated as follows: 

Blank Correct = SUM~blank’value/samule value*lOO\ 
number of samples 

- 
For ~example, if three samples contained 10, 5, and 4 mg/kg of a trace species 
and the reagent blank was 2 mg/kg, the blank correction would be 
(2/10+2/5+2/4)*100/3 or 37%. Thus on average, the actual value measured 
was 37% higher than the value reported in the table. If the blank correction is 
reported as O%, no blank correction was calculated and the reported value 
was the measured value. Note that in most cases a high blank correction value 
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does not mean that the data is inaccurate. If a sample was contaminated with 

a trace species due to a filter, and the filter was analyzed and the data 
corrected, it is likely that the data is meanirggful. 

D. Gaseous Species Monitoring 

Table 6 lists the results of the gaseous air toxics monitoring at the inlet and 
outlet of the fabric-filter. Three replicate tests were completed for each air 
toxic species. rndividual tests were averaged to determine the estimated air 
toxics emission. The uncertainty of the average as explained in section IV.A is 
also reported. 

In general, trace metal emissions were very low at the FFDC outlet as the 
FFDC is very efficient for metals removal. The overall average removal rate 
of the trace metals for the fabric-filter measured during this test was 97.1%. 
Mercury and chromium are the metals of most interest due to their potential 
health impact. Mercury is the most difficult of the trace metals to remove as 
it may be present as a vapor rather than a solid particulate. The calculated 
removal rate for mercury of 78.2% assumes that the outlet mercury emissions 
existed at the detection limit. Additional methods are available to determine 
the speciation of these metals. The species of mercury are very important in 
the removal process as it is currently believed that ionic-mercury is much 
easier to remove than the other species. Chromium, especially hexavaient- 
chromium, is also gaining interest due to its potential toxicity. Additional 
baseline-testing is planned at a later date to determine speciation of these two 
important trace-metal emissions. -~ 

Outlet emissions of the semi-volatile organic compounds (polycyclic aromatic 
hydrocarbons, or PAH) were very low or non-existent. Of the 19 compounds 
measured, only naphthalene and 2-Methylnaphthalene were measured at 
average values above the detection limit at the outlet. For both of the PAH 
compounds, the field blank levels are actually higher than the reported outlet 
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emissions. It is believed that both these compounds may be an artifact of resin 

degradation and are not source related. This would explain similar emission 
levels in both the sample and the field blank. None of the carcinogenic PAH 
compounds were detected at either the inlet or the outlet of the FFDC. As all 
of the PAH compounds were measured near or below the detection limit or 

are not believed to be source related, it is impossible to determine if the 
FFDC removes any of the compounds. 

An EPA Method 5 sampling train was used to sample anions. The sample 
train collected a solid sample in a particulate filter and a gaseous sample 
within a series of impinger baths. Table 6 shows three values for each anion: 
(1) total, (2) solid fraction, and (3) gaseous fraction. The results show that the 
majority of all anions exists in the gas phase. The fabric filter was effective in 
removal of the solid phase anions but removed only a small fraction of the gas 
phase anions. Gaseous phosphate at the inlet was only 0.34 ppm which 

represent only 3% of the total phosphorus measured with the multi-metals 
train. It would be expected that the two values would agree for both 
measurements, so the difference is likely caused by the two measurement 
methods. It is believed that the multi-metals train accurately measures 
phosphorus and that the data presented in the anion tables obtained with ion 
chromatography are not accurate. Gaseous sulfur emissions were 
approximately 320 ppm. This represents 90% of the sulfur present in the fuel. 
The total sulfate level at the outlet represents 83% of the coal sulfur. While 

the data indicates that some gaseous sulfur is removed across the fabric-filter, 
no removal is expected and the small difference is within the uncertainty of 
the data. The continuous emissions monitor averaged 334 ppm over the test 
p&iod and thus agrees with the outlet &fate emissions within the range of 

uncertainty of the data. 

From the solids sample collected at the fabric-filter outlet by the EPA Method 
5 sampling train, 11 types of radionuclide emissions were measured. Of the 11 
potential radionuclides, only Radium-226 and Radium-228 had average values 



above the detection limit. No reagent blank corrections were made for the 
data a~ correcting in some cases would have reduced the data to below zero. 
The reagent blank for Radium- 226 was 0.1 versus a reported value of 0.11 
pCi/Nm’ and for Radium-228 was 1.5 versus a reported value of 0.S4 
pCi/Nm3. Thus, although values are reported for these two radionuclides, they 
are not believed to be source related and the reported values are likely due to 
the fiberglass filter used for particulate collection. 

Three volatile-organic compounds (VOC) were measured during the testing: 
benzene, toluene, arl formaldehyde. The data indicate that both benzene and 
toluene actually increased across the fabric-filter. It is suspected that the both 
VOCs at the inlet were actually higher than shown, but as VOc’s such as 

toluene and benzene may be absorbed directly on particulates, a 
representative sample may have not obtained in the high-particulate/high- 
carbon inlet test location. An additional test is planned to determine VOC 

emissions and confirm these data. While the formaldehyde emissions are very 
low, the field blanks contained 35 ppb of formaldehyde at the inlet and 16 ppb 
of formaldehyde at the outlet. The field blank measurements were at or even 
higher than the gaseous sample. The sample viles for both the field blank and 
measurement samples were NOT stored in an air-tight nitrogen-purged 
desiccator. It is possible that the samples may have been contaminated with 
formaldehyde in the air that may have penetrated the sample seal. Future 
testing will use the air-tight sealing system with a nitrogen purge to eliminate 

this possible contamination point. 

FinallyLthe emissions of nitrogen-based cyanide at both the inlet and outlet 
were below the detection limit. 
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E. Solids Sampling 

Coal Anal\+ 

Table 7 presents the results of the analysis of the unpulverized coal samples. 
The fuel was analyzed for trace metals, acid-forming anions, and radionuclides. 

Trace-metal analysis was completed using the base-test method described in 
the EMP. Instrumental neutron activation analysis (INAA) was also used to 
analyze the samples for certain elements and compounds. This second test 
was added to lower the detection limit of these materials and to confirm the 
validity of the base-test method. Generally, the results of the two test 
methods agreed. However, the values for barium, molybdenum, and selenium 
were much higher when using INCA analysis and provided a much lower 
detection limit for arsenic, mercury, and chloride. 

The order of magnitude increase of barium from the INAA test cannot be 
explained. Both methods provided consistent results, although test 1 data 
from the base-test method were unreasonably low and was not included in the 
average value. IN.&4 analysis provided a molybdenum measurement that was 
an order of magnitude higher than the base-test method. Both analytical test 
methods provided consistent results. Selenium measurements were also an 

order of magnitude higher when analyzed using INAA. The cause for this 
large variation may be due to volatilization of the selenium when using the 
base test method. Potential problems with these three elements will be further 
discussed in section 1V.F. 

Table 7 also shows the results from the testing of the coal for acid-forming 
anions. The INAA analysis method was used to provide another means of 
verifying the chloride measurement and reduce its detection limit. The base- 
test method reported two measurements: 600 mg/kg and one below the 
detection limit of 100 mg/kg. Additional testing of these samples by another 
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laboratory using the same method reported results below the detection limit 

for all three samples. Data obtained using the INAA method are consistent 
and are believed to be more accurate. 

Radionuclides in the input coal stream were very low and the measured values 

were very close to their detection limits. 

Ash Analvsis 

Table 8 shows the results of the solid sample ash analysis. It shows the results 
for the 15 metals analysed for both the bottom ash and flyash. Each of the 

daily samples is actually a composite of three separate samples obtained 
throughout the day. In general, metals concentrations are higher in the ash 

than the coal because the reduction of the coal to ash results in a more than 

90% reduction in material and concentrates the metals. 

There are large uncertainties (greater than 100%) for mercury, outlet arsenic 
and outlet nickel. The high uncertainties are related to large variation of the 
samples. For mercury, all measured values were near the detections limit and 
the high uncertainty reflects the increased inaccuracies for measurements near 
the detection limit. The high uncertainty for outlet arsenic and nickel were 

caused by a single measurement substantially higher than the remaining 
values. In order to investigate the problem, a split of the same three samples 
was reanalysed with the same analytical procedures and laboratory and 
substantially different results were obtained as shown below: 

Arsenic 
Nickel 

Original Reanalyzed 
Average Average 
< 2.5 3.8 

3.9 13.3 

The reason for the large variation is unknown. Each of the samples in both 
tests had good agreement between replicates which indicates no major 
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analytical problems and it is believed both anal)zed samples were 
representative of the total sample. An unknown bias must be affecting these 
results. Thus even though the data has a high estimated uncertainty, the true 

uncertainty is higher due to this unknown analytical bias. As the arsenic value 
for the reanalyzed sample was more consistent with the mass balance data, 

this value is reported throughout the report. 

Table 8 also lists the results for the four acid-forming anions. As discussed 
previously in section 1V.D. the ICP method used to analyze the phosphate is 
not believed to be accurate. A mass balance for phosphate was not completed 
but the data obtained from the testing is shown in the table. The chloride 
values in the flyash account for only 3% of the total chloride. This confirms 
that chloride emissions are gaseous and are not collected with the particulate. 
An additional test for chloride was conducted using a mercuric nitrate titration 
of the flyash sample to conlirm the low fly ash quantities. This single test 
provided a measurement of 5.2 mg/kg, slightly lower, but in the same range as 
provided by the base-test method. Bottom ash sulfate uncertainty was high at 
143%. The uncertainty was due to the large variation in the samples, but as 
the total bottom ash sulfate is less than 0.1% of the total sulfates in the coal, 
the high uncertainty is insignificant. 

The final analysis performed on the ash streams was for radionuclides. 
Generally, the values were an order of magnitude greater than reported in the 
fuel stream due to their concentration by the ashing of the coal. The 
distribution between the bottom ash and flyash appears to be approximately 
equal. Radionuclide concentrations were low and are not expected to be a 
concern at these low values. 

F. Mass Balance 

The mass balance is a very important quality check on toxic-s-emissions data. 
Using different sample and analytical techniques to measure toxin in both 
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gaseous and solid forms at very low absolute quantities makes the 
measurement for air toxics difficult, at best. A mass balance provides a quick 
means for determining if the various analysis methods agree. While it would 
be comforting to have mass balances of 100% for all toxics, it would be 
extremely unusual due to the different methods used and the low absolute 

quantities. 

Table 9 contains an overall and an intermediate mass balance for the 
measured toxics. Note that a balance is only possible on those compounds 
that are dependant upon the inlet fuel levels. Balances for the semi-volatile 
and volatile organic compounds are not possible as these relate to combustion 
parameters. The overall balance was obtained by dividing the sum of the 
gaseous, bottom ash, and flyash outputs by the fuel input. In an effort to 
supply additional information, an intermediate balance was also completed. 
This balance was performed at the fabric-filter inlet and is obtained by 

dividing the sum of the toxics at the fabric-filter inlet and the bottom ash by 
the input-fuel toxics. This is a mass balance at the inlet of the FFDC. The 
units selected for the mass balance calculations are lb/lO’z Btu for the metals 
and anions and @tries/10t2 Btu for radionuclides. These units allow 
comparison of the data to other generating units of varying size. 

In general, the measured air toxic quantities at the outlet are lower than those 
measured at the inlet, so the mass balance is less than 100%. Most of the 

species are in the range of 50-90% closure except for barium, cobalt, lead, 
manganese, molybdenum, selenium, and chloride which are discussed below: 

Barium 
The fuel level of barium was determine using INAA analysis as ICP analysis 
appeared to be severely biased low as previously discussed. ICP analysis was 
used for the flue gas and ash samples. Thus the poor mass balance closure 
may be due to an undefined bias with the different analytical techniques. 
However, the calculated mass balance using the original ICP data also had 



Table 9 - Mass Balance Results 

Trace Al?tilS Ib/lO’ZBtu lb/10’2Btu Ib/l0’2Bl” lb/lO’ZBlu Ib/10’2Btu % % $3 

Az.cnic 43 23.1 3.1 22.7 0.75 62 6, 96.7 

Blri”“l 37.603 234 1920 97w 1.1 31 6 593 

lkl-J41i”“l 20.0 9.0 2.2 9.8 CO.02 60 56 > 99.8 

Cadmium’ <45 2.3 ~58 <IS 0.*2 WA WA 94.8 

Chromium 97.4 SO.0 59 455 0.65 53 57 9X.7 

cobalt 83.6 29.9 4.9 29.0 co.21 41 42 =-993 

QPp- 241 169 20.0 140 1.1 67 78 99.4 

Lead 185 64 21.2 144 0.44 89 46 993 

Mangancsc 379 195 825 410 1.0 130 73 99s 

hlcrwy 1.9 13 0.X 0” co.29 73 gr, .783 

Mol,42dc”um 9.0 10.7 cr.6 22.0 0.17 26s 13s 98.4 

.Sickcl 535 30.2 < 3.7 233 13 53 63 95.1 

Sclcnium 73.2 22.4 <5.8 23.8 0.36 41 3a 98.4 

PhosphoruS 36.?co 143ca 4.1m 20200 6.7 6.5 50 99.95 

\‘F+“Xfi”I” 266 13s 25.2 IS6 0.24 6s 60 99.8 

Acid-Forming 
Anions 

Chloride as C,’ 

FllOridC a* F’ 

Phosphalc2 

SUlla,C 

lb/10’2B,” b/10 ‘2 ntu % % 

2.3333 790 89 68 630 40 45 

7.m 4,8al c54 144 43w 60 64 

N/A N/A WA N/A WA VA VA 
l.lEO.oM) 1.oYxm 981 5.880 983.m 8-4 5-Q 

% 

203 

10.4 

N/A 

7.3 

Radionuclides ,Ci/10’2 Btu NO1 
McasUred 

@.X/10” Btu ,CiCi/10’2Btu ,CiCi/10’2Bt~ % N/A 

U.anium.233,234 

Cranium-235 

Cranium-233 

Radium-225 

Radium-228 

Lad-210 

Palo”i”m-210 

Thorium-228 

ThOii”rn.230 

l-“orium-232 

4.8ul 

3.53 

3m 

10,Qm 

Jm.J 

18,ow 

4.2W 

3sm 

7.100 

3s-m 

23m 

100 

23x 

2.933 

2.100 

m 

390 

3.303 

3.2co 

3.400 

la.5 lha” tile d 

6.X’ 

320 

65W 

7.600 

4.800 

2.900 

4.003 

6,800 
6.8w 

7.100 

lvo1t < in tc.5 ,hOL LhC cp ry X10” Iml” ,bY 

czo 

<20 

<20 

39 

290 

<2&l 

<20 

C85 

<46 

<20 

: deI.x*lo” brr 

178 

122 

262 

w-4 

84 

22 

104 

291 

141 

281 

EotmmAsb 
output 

In- 
k 

Dakm 

‘Mass balance not poviblc as inlet was bclov the dcnectio” limit. 

‘Mass balance for phcsphaw not valid, use phcsphom mass balance rrsulv 



closure problems but showed a very low coal based barium content. Due to 

these and other possible unknown biases, a low confidence exists with the 

barium data. 

The low overall closure for both the overall and inte.mediate mass balance 
indicate that the fuel cobalt value reported may be higher than the actual 
concentration. Duplicate analysis using INA4 showed an average 65 lb/lO’z 
Btu which would slightly improve the mass balance. However, in order to 
mk,imize the unknown analytical bias between the ICP and INAA analytical 
methods, the ICP analysis was used. 

The overall mass balance appears reasonable but the intermediate mass 
balance is low at 46%. The most likely reason is a low bias on the sample 
obtained at the fabric filter inlet. As lead would be expected to be found in 
the particulate, similar values between the fly ash and fabric filter inlet would 

be expected. However, the fabric filter inlet value is one-third lower than the 
fly ash sample. 

Maneanese 
Both mass balances appear reasonable at 130 and 73% but there is a 
significant variation between the intermediate and overall mass balance. The 
reason for the low intermediate balance appears to be a low bias on the fabric 
filter inlet sample similar to the lead value discussed above. 

Molvbdenum 
The high overall mass balance of 265% is believed to be caused by a low bias 
on the fuel input mezxrement and is related to the high uncertainty (217%) 
in fuel measurement. The samples were also analysed using INAA as shown in 
Table 7. Using the specified ICP method, the value was 9 lb/lo’* Btu while 
INAA analysis found 91 lb/lo’* Btu. The wide variation between the two 
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methods is not known. The correct fuel value for molybdenum is likely 
between the two extremes. 

Selenium 
Both balances were significantly low which indicates either a high fuel bias or 
a low outlet bias. As the base ICP method reported a non-detectable fuel 
value, the samples were reanalyzed using INAA. The INA4 analysis reported 
a significantly higher value and an unknown bias must exist with the two 
different measurement methods. As all outlets were determined using ICP, the 
mass balance is based on two different analytical techniques that have a bias 
as shown by the widely different values obtain from the fuel. Selenium is a 
very difficult metal to measure and further research in the following test 
programs will be completed to increase the confidence of the selenium 

measurement. 

Chloride 
INAA analysis was used for the fuel measurement while different methods 
were used for the gaseous measurements in the inlet and outlet ducts. The 
different analytical techniques may have contributed to the low closure, but it 
is believed that a high biased fuel value is the most likely cause for the poor 

closure. 

Table 9 does not show the mass balance for phosphate. In order to determine 
a mass balance, the inlet phosphate is determined by assuming that alI 
phosphorus in the coal to phosphate. The preliminary mass balance showed 
very poor closure as only very low quantities of phosphate were found in the 
inlet and outlet multi-metals train. It is believed that ICP is not an accurate 
method for measuring phosphate. Thus the data is not presented and the 
phosphorus mass balance should be used. 

The overall mass balance for radionuclides varied from 22% to 291% with an 
average balance of 159%. While this is a wide variation, the radionuclide 
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emissions were very low. Radionuclides were also near the detection limit in 
the testing of the inlet fuel. Small variations can cause a large variation in the 
mass balance. No known sampling or anzlytical problems were reported that 
would account for the varying closure. All duplicates, blanks, spikes, and 

other quality assurance checks were within acceptable ranges. 

Table 9 also shows the percent removal for the metal and anions measured. 
The PFDC was very effective for metals removal with an overall 97.1% 
removal. The PPDC does appear to provide slight removal of the anions, 
however, the removals are within the uncertainty of the data and may not be 
significant. 

Generally, the test program used the analytical methods specified in the EMP. 
However, some of the methods were changed in order to improve detection 
limits or confirm data that was measured using the analytical methods 
specified in the EMP. Table 10 lists the air toxics that were analyzed with a 
different method than specified in the EMP. 

The EMP addendum for air toxics includes details on the method used to 

determine the total mass flow of the air toxin. In addition to the measured 
concentration of the toxic in the sample, mass flows of the solid and gas are 
required. Table 11 lists the mass flow rates of the flue gas and solids used to 
determine the mass flow of the toxics. Note that there are three different flue 
gas flow rates listed for metals, particulate matter and anions, and PAHs. The 
actual flue gas flow rate was used for each test as they were conducted at 
different times. The flue gas flow rate used for the VOC, formaldehyde and .~~ 
cyanide tests were from the concurrent major test that was being conducted. 
Coal flow was measured using the existing plant equipment. Plyash and stack 
ash flow was calculated using the measured particulate loading and flue gas 
flows. Bottom ash was calculated based on coal input and flyash flow. 
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Table 10 

EMP Specified Method Method Used 

FFDC Inlet 
Benzene EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 
Toluene EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 
Cadmium EPA SW 846-7421 (GFAA) EPA SW 846-6010 (ICP) 
Chromium EPA SW 846-7421 (GFA 4) EPA SW 846-6010 (ICP) 

FFDC Outlet 
Benzene EPA TO-14 w/GC-PID EPA TO.-14 w/GC-MS 
Toluene EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 
Cadmium EPA SW 846-7421 (GFAA) EPA SW 846-6010 (ICP) 
Chromium EPA SW 846-7421 (GFAA) EPA SW 846-6010 (ICP) 

Fuel 
Arsenic EPA SW 846-7060(GFAA) INAA 
Barium EPA SW 846-6OlO(ICP) INAA 
Chlorine ASTM D-4208(ISE) WAA 
Mercury EPA SW 846-747O(CVAA) IN.44 
Selenium EPA SW 846-7740(GFAA) INAA 
Cadmium EPA SW 846-7131(ICP) EPA SW846-6OlO(ICPAES) 
Chromium EPA SW 846-7191(GFAA) EPA SW846-6OlO(ICP-AES) 
Lead EPA SW 846-7421(GFAA) EPA SW846-7420(GFA4) 
htanganese EPA SW 8?6-6OlO(ICP) EPA SW846-6OlO(ICP-AES) 

Bottom Ash 
Fluoride EPA 3OO.O(IC) EPA 340.2(ISE) 
Lead EPA SW 846-7421 (GFAA) EPA SW 846-6010 (ICP) 
Cadmium EPA SW 846-7131(ICP) EPA SW846-6OlO(ICP-AES) 
Chromium EPA SW 846-7191(GFAA) EPA SW846-6OlO(ICPAES) 

Flyash 
Fluoride EPA 3OO.O(IC) EPA 340.2(ISE) 
Lead -- EPA SW 846-7421 (GFAA) EPA SW 846-6010 (ICP) 
Cadmium EPA SW 846-7131(ICP) EPA SW846-601O(ICP-AES) 
Chromium EPA SW 846-7191(GFAA) EPA SW846-6OlO(ICPAES) 
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Table 11 

Stack ash tlow CIb/hr 

‘ro:ol carbon-kc ash flm’ cahlatcd using MI km end average crh mritcnl ol lucl o’er the test pcrid. 

hs flow 01 ash calculated from mcasuremc*t of ash conccntralion mu!. $icd by calculaled kew ol “UC gas. 
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IV. Summary of Air Toxics Monitoring Results 

The current test period includes two groups of air toxics tests. The first group 

includes sampling for 26 potential air toxics with the SNCR system in operation. 

The second group includes some baseline tests conducted without the SNCR 

system in operation. The baseline tests included sampling for dioxins and fkans, 

mercury speciation, chromium speciation, and the repeating of VOC tests to 

confirm the original baseline data. 

This report presents data for all testing completed during this test period except 

for the dioxin and furan data. Due to contamination of the dioxin and furan 

samples, these data are not accurate. These tests will be repeated and reported in 

a later environmental monitoring report. Table 4 lists the potential air toxics 

measured during this test period, March 8, 9, and 15, 1993. Table 5 compares the 

air toxics measured during this test period with those measured in the original test 

period. 
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Arsenic Barium 
Chromium2 

Beryllium 
Cadmium Cobalt 

Trace Metals 
Copper Lead Manganese 
Mercury’ Molybdenum Nickel 
Selenium Phosphate Vanadium 
Calcium4 Sodium4 

Acid-Forming Anions Chloride Sulfate Phosphate 
or Precursors Fluoride 

Volatile Organic Benzene Toluene Formaldehyde 
Compounds” (YOC) 

Semi-Volatile Organic Polychlorinated Dibenzo-pdioxins (PCDD) 
Compounds Polychlorinated Dibenzofurans (PCDF) 

Nitrogen Compounds Cyanide Ammonia 

1. The mulhnctak train was analyzcd for tomI-fig. The Fmnkr Geowicncc sampling train was analpcd for Hg, Hg’*. 
methyl.Hg. and toul.Hg. 

2. TomI-Cr. ardclcmincd Imm the multi-mclals Lmin. Both Cr*and total-Crwrc analyrcd in Ihe EPA recirculation uain. 
3. Elcmentd pmursots 01 these anionr were measured in the lucl (Cl. E S. and P). 
4. Calcium and sodium wcrc added 10 lhc w-ace melal lisl to p&de basclinc ICKIS lor mmpatiron with the cakium and 

dium injection tests planned for a Iater date. 

Table 4: Target Compounds 

Generally, the test program used the analytical methods specified in the EMP. 

Some of the methods were changed, however, to improve detection limits or 

confirm data that were measured using the analytical methods specified in the 

EMP. For more information on the test methods, see Environmenfol Monitoring 

Plan for Air Toxics Monitoring, dated July 1993. Table 6 lists the air toxics that 

were analyzed with a method different from that specified in the EMP. 
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Total/hexavalent 

1. Polychlotina~cd dibcnzqs-hrinr (PCDD) and plychlorinatcd dibenrofunnr (PCDF). 
2. Due LO anomalous conlaminalion ol native 2.3.7.8. PCDD/PCDF iwmers in the mcOvzd blank sampler. archived rcrin. 

the NYIIS ol these E.SU arc invalid and not rcpncd in this rcpn. These tests till be repeated during rubrcqucnt ICIO. 

Table 5: Target Compound Comparison 
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Species / EMP Specified Method Method Used 

Benzene EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 

Toluene EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 

Arsenic 
FFDC 

EPA SW 8467063 (GFAA) EPA SW 846-6010 (ICP) 

Inlet Chromium EPA SW 8467191 (GFAA) EPA SW 6466310 (ICP) 

Lead EPA SW 846-7421 (GFAA) EPA SW 846-6010 (ICP) 

Selenium EPA SW 846-7740 (GFAA) EPA SW 6466010 (ICP) 

Total Cr AA GFAA 

Benzene EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 

Toluene 
FFDC 

EPA TO-14 w/GC-PID EPA TO-14 w/GC-MS 

Outlet Arsenic EPA SW 8467060 (GFAA) EPA SW 8466010 (ICP) 

Chromium EPA SW 846-7191 (GFAA) EPA SW 8466010 (ICP) 

Selenium EPA SW 846-7740 (GFAA) EPA SW 8466010 (ICP) 

Arsenic EPA SW 8467060 (GFAA) IN44 

Barium EPA SW 8466010 (ICP) INAA 

Chlorine ASTM D-4208 8 ISP INAA 

Mercury EPA SW 846-7470 (CVAA) INAA 
Fuel Selenium EPA SW 846.7740 (GFAA) INAA 

Cadmium EPA SW 846-7131 (ICP) EPA SW 8466010 (ICP-AES) 

Chromium EPA SW 846.7191 (GFAA) EPA SW 8466010 (ICP-AES) 

Lead EPA SW 846-7421 (GFAA) EPA SW 846-7420 (GFAA) 

Manganese EPA SW 8466010 (ICP) EPA SW 8~3-6010 (ICP-AES) 

Fluoride 
Bonom 

EPA 3OO.O(IC) EPA 340.2 (ISE) 

Ash Lead EPA SW 846-7421 (GFAA) EPA SW 8466010 (ICP) 

Chromium EPA SW 846-7191 (GFAA) EPA SW8466010 (ICP-AES) 

Fluoride EPA 300.0 (IC) EPA 340.2 (ISE) 

Flyash- Lead 
EPA SW 846-7421 (GFAA) EPA SW 8466010 (ICP) 

Cadmium EPA SW 846-7131 (ICP) EPA SW 846-6010 (ICP-AES) 

Chromium EPA SW 846-7191 (GFAA) EPA SW 8466010 (ICP-AES) 

Table 6: Test Methods Different from EMP 

In addition to the measured concentration of the air toxic in the sample, mass 

flows of the solid and gas are required. The EM’ addendum for air toxics 
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includes details on the method used to determine the total mass flow of the air 

toxics. Table 7 lists the mass flow rates for the flue gas and the solids used to 

determine the mass flow of the toxics. The actual flue-gas flowrate is used for 

each of the trace metal, particulate matter, and anion tests. The flue-gas 

flowrates for the VOC and cyanide tests were from the major test conducted 

concurrently. The existing plant equipment was used to.measure the coal flow. 

The measured particulate loading and flue-gas flowrate was used to calculate the 

flowrate of the fly ash and the stack ash. The coal input and the fly-ash flowrates 

were used to calculate the bottom ash flowrate. 

Table 8 lists the average operating conditions of Arapahoe 4 during the SNCR 

testing. Figure 5 shows a simplified diagram of the unit and shows the five 

different sample locations. Gaseous samples were obtained at the inlet and the 

outlet of the FFDC. Solid samples of unpulverized coal, bottom ash, and fly ash 

were also obtained. This section lists the results of the air toxics testing. For 

details on the methods used for sampling, analysis, and quality assurance, see the 

Environmental Monitoting Plan Addendum for Air Toxics Moniroring, dated 

July 1993. 
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FhaGMRa 
-0 

MMC”ry l”lN 227.200 227.2w 227.203 
speciation OUtlCt I 244.700 I 244.703 I 244.70(3 

Cd RaObF) 69.oYl 96.102 93.700 

Rv LLlh FVJU CbFl 6.170 6.690 7.210 

bttmkhFlo*bbF) 2.080 2.040 1.540 

Total kh Fhu (lb/h) a.250 6.930 6.750 

Stadc Ash Row (Ib/l?) 2.5 0.8 0.6 

Table 7: Stream Mass Flow Data 

II Baseline 

Unit load 103.4 MW gross 

Steam flow 851.000 lb/h 

103.5 MW gross 

S47.000 lb/h 

Table 8: Average Operating Conditions and Continuous Emissions Data 
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Public Service Company of Colorado (PSCC) contracted with Carnot, fnc of 

Tustin, California to complete the air toxics work at the Arapahoe 4 station. 

Fossil Energy Research Corp of Laguna Hills, California provided some assistance 

at the site and with data collection. Table 9 lists the laboratories used to analyze 

the collected samples. 

LOI for ash 

Fuel analysis 

Fuel analyses 

instrumental neutron 
activation analysis 

Commercial Testing and Engineering Denver, CO 

Commercial Testing and Engineering Denver. CO 

A.J. Edmonds Long Beach. CA 

Massachusetts Institute of Technology Cambridge, MA 

Table 9: Laboratories for Analyses 
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A. Uncertainry Analysis 

In the tables that follow, a value for uncertainty expressed as a percentage 

is provided for all data. The calculation method used is based upon 

ANSI/ASME FTC 19.1-1985, “Measurement of Uncertainty.” The 

uncertainty is based on a 95% confidence interval for the mass emissions 

for the target species but is expressed as a percentage so that it may be 

applied to other units. An important part of the method is assigning an 

estimated bias error for the major variables. The value presented only 

approximates the uncertainty as not all bias errors can be estimated. The 

uncertainty is also not a measure of long-term-trace-species emissions for 

this boiler, but only the uncertainty for the specific test period. It was 

assumed that the samples are a normal population distribution. Table 10 

summarizes the bias values used to determine uncertainties. 

1. Biar cqualr dirkrcncc bcfwecn pitm and heat me flo*mcs. 
2. Bias cquab dirk=nrc berwecn o~tk~ pim and hea, rate now rates. 
3. Bias equals dirfcrcnrt bcrwm fuel 00~ and heat ram Oowatcr mundcd to nearest 5%. 
4. Bias is a mmbinalion of I~C inlet panicle collection bias and the inlet kw mc bias using ml sum squarer. 
5. Bias is a combination of the inlet panicle collmion bias. Lhc inlcL “mu rddlc bias. and *he lucl flow rate bias using root sum squares. 

Table 10: Summary of Bias Values Used for Uncertainty Calculations 

B. Treatment of Non-Detectable Measurements 

Many of the target species for which a measurement was attempted were 

not found using the specified sampling and analytical techniques. If a 

measurement was not possible, the value that could have been measured, 
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i.e. the detection limit, if the trace emissions were present are reported. 

The “non-detects” are shown as less than the detection limit. The difficulty 

occurs when averaging various samples of whch some or all of the 

measurements are below the detection limit. The following summarizes 

the two cases: 

1. All values below detection limit: The arithmetic average of the 

detection limit is shown with a “<” sign to indicate that the trace 

species is less than the reported average detection limit. For example, if 

a species was not found and the method provided a detection limit of 

0.45, the values is reported as ~0.45. 

2. Some, but not all, values below detection limit: The value of all 

measurements above the detection limit are averaged with one-half of 

the detection limit. For example, if three measurements of 10, 8, and 

~6 are found, the average would be (10+8+6/2)/3 or 7. Note that no 

“c” sign is used in these reported averages even though some of the 

values are below the detection limit. If the average calculated with this 

method is less than the greatest detection limit, the largest detection 

limit is reported and a “<” symbol is used. For example, if values of 6, 

~4, and ~2 were reported, the average would be reported as ~4 and 

not (6+4/2+2/2)/3 or 3. 
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C. Treatment of Blank Values 

The quality assurance (QA) program for the air toxics test program used 

three different types of blanks: field blanks, reagent blanks, and laboratory 

preparation blanks. 

Field blanks are samples obtained by assembling a complete sample train 

at the test site using the same procedures as when obtaining the actual 

sample. The sample train is then leak checked and disassembled to 

recover and analyze the sample. Generally, field blanks are not used to 

“correct” the data, but to indicate the quality of the sample. 

Reagent blanks consist of samples of the reagent and/or filters that are 

collected at the site. Analysis of these samples show if any of the results 

were caused by existing levels of the trace species in the material used to 

collect or recover the sample. If measurable values of the trace species are 

found, the data is usually corrected by subtracting the value measured in 

the reagent. 

Laboratory reagent blanks consist of samples of the chemicals used during 

the measurement analysis. If measurable values of the trace species are 

found, the data is usually corrected by subtracting the value measured in 

--the reagent. Any measurable values in the laboratory reagent may be 

caused by initial trace species in the chemicals or to the analytical 

procedures. 

In the tables that follow the value of the field blank is shown for reference, 

but none of the data have been changed due to these measurements. If a 

measurement has a value near the field blank measurement, there may be 
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some question as to the accuracy of the data and the reported value may 

NOT be source related. A separate column lists a blank correction 

percentage for all trace species that were corrected due to either a reagent 

or laboratory reagent blank. This is an average percentage calculated as 

follows: 

%bhnk cOrrecf - ~(~~::;) x 100 
number of samples 

For example, if three samples contained 10, 5, and 4 mg/kg of a trace 

species and the reagent blank was 2 “g/kg, the blank correction would be 

(2/10+2/S + Z/4)*100/3 or 37%. Thus on average, the actual value 

measured was 37% higher than the value reported in the table. If the blank 

correction is reported as O%, no blank correction was calculated and the 

reported value is the measured value. Note that in most cases a high blank 

correction value does not mean that the data is inaccurate. If a sample was 

contaminated with a trace species due to a filter, and the filter was 

analyzed and the data corrected, it is likely that the data is meaningful. 

D. Gaseous Species Monitoring 

Trace Metals. 

Table 11 lists the gaseous trace metal emissions for the SNCR test 

program. Three replicate tests were completed for each air toxics species. 

Individual tests were averaged to determine the estimated air toxics 

emission. The uncertainty of the average, as described in Section IV& is 

also reported. 
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All 17 metals were detected at the FFDC inlet. All quality assurance 

checks were completed and, except for calcium and sodium, the data are 

believed to represent the unit’s emissions for all species. The inlet level 

for calcium represents only 0.5% and the inlet level for sodium represents 

only 6.8% of their fuel-input levels, indicating a severely low bias. The 

multi-metals train was used to sample sodium and calcium even though 

EPA Method 29 is not intended to measure them. The source of error is 

not known. but neither the calcium nor the sodium data are believed to 

represent the unit’s emissions. 

Arsenic, lead, mercury, and selenium have uncertainties greater than 100%. 

Wide variations between the triplicate samples caused theses high 

uncertainties. The specific causes of these uncertainties have not been 

determined, but the general observations that follow may account for them. 

l GFAA and ICP-AES are generally used to analyze samples for arsenic, 
lead, and selenium. In the original baseline tests, GFAA was used for 
arsenic and lead, and ICP-AES with hydride generation was used for 
selenium. After comparing the results, GFAA appears to give more 
consistent results and will be used in subsequent test programs. 

l The substantially higher results of the first mercury sample caused its 
high uncertainty. This value, 4.3 pg/Nm3, is substantially higher than 
the fuel input value and is suspect. No sampling or analytical 
abndrmality. however, could be found to justify the exclusion of this 
data point. 

In general, trace metal emissions were very low at the FFDC outlet as the 

FFDC is very efficient removing trace metals. Beryllium, cadmium, cobalt, 

and selenium were not measurable at their detection limits. As at the 

FFDC inlet, the calcium and sodium data are suspect and not believed to 

be accurate. Barium, manganese, mercury, molybdenum, and phosphorus 

had uncertainties above 100%. Variation between the triplicate samples 
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was the major cause of the high uncertainties. At these low levels, small 

differences between the sample values cause large uncertainties. Also, 

small reagent blank levels cause larger blank correction percentages and 

higher uncertainties. 

Anions 

Table 12 lists the gaseous anion emissions. Chloride levels at both the 

inlet and outlet were below 1 ppm. 94% of the total inlet and more than 

9S% of the total outlet chloride were determined to be gas-phase chloride 

or HCI. Outlet levels accounted for 51% of the chlorine in the fuel. 

Inlet and outlet levels of fluoride were between 7 and 9 ppm. Gas-phase 

fluoride (HF) accounted for 89% of the inlet and 99% of the outlet levels. 

Of the fluorine in the fuel. 65% was detected at the FFDC outlet. 

Phosphate was detected only in its solid phase and only at the FFDC inlet 

(0.03 ppm). The nondetected gas fraction accounts for 69% of the total 

phosphate level at the inlet (0.09 ppm = 320 lb/IO” Btu) and accounts for 

only 11% of the phosphorous detected in the fuel. The severe bias of the 

ion-chromatography method used to detect the phosphate accounts for this 

disparity and caused the exclusion of phosphate from the mass balance. 

-The FFDC inlet level for sulfate (290 ppm) accounts for 86% of the fuel 

input. The solid fraction (3.5 ppm) detected at the inlet consisted of 

sulfuric acid mist and solid sulfate. The outlet sulfur level (338 ppm, 100% 

gaseous) is consistent with that measured by the CEM. 
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The t:ace metal and anion results from this test program were compared 

qualitatively with data from the Cyprus Yampa Valley Coal Corp. and the 

United States Geological Society (USGS). Generally, the test data 

compared well with the USGS data. 

Nitrooen Comuounds 

Table 12 also lists the results from the testing for nitrogen compounds. All 

tests showed cyanide below the detection limit. As expected, unreacted 

urea increased NH, emissions; they averaged 16 ppm at the FFDC inlet 

and 7.4 ppm at the FFDC outlet. 

FFDC Removal Efficiencv 

Table 13 shows the FFDC’s removal efficiency for trace metals. The 

FFDC averaged 96.9% removal efficiency for trace metals and 99.98% for 

total particulates. The removal rate for mercury was the lowest, 77.9%. A 

significant amount of the mercury occurs as vapor instead of as particulates 

in the FFDC, so the removal rate for mercury was actually higher than 

anticipated. It is theorized that mercury vapor deposited onto the carbon 

in the fly ash and that the high carbon content of the fly ash caused the 

higher than expected removal rate for mercury. During the SNCR testing, 

the loss-on-ignition (LOI) for the fly ash averaged 9.52%. 
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NOTE *C* indicaxs Iba* Ihe quanriry mCaSured WI ks rhln Ihc delcrlion limit lhur she dereclion limit irrhoun. 

‘>’ indicates Wat the perccn~agc remwed is bared on a detection limit and the ranoval rate is the cxpcrtcd 
minimum rwnovdl rate. 

Species 

Trace Metals 

Arsenic 

Barium 

Beryllium 

Cadmium 

Chromium 

cobart 

Copper 

Lead 

Manganese 

Mercury 

Molybdenum 

Nickel 

Selenium 

Phosphorus 

Vanadium 

Calcium 

Sodium 

inlet I G&let FiDC Removal 

lb/lo:’ Btu lb/lo” Btu ) 9; 

Fluoride as F 

Table 13: FFDC Removal Efficiency 
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Baseline VOC Emissions 

The baseline tests for benzene and toluene were repeated during this test 

period because of the inconsistent results obtained in the original baseline 

test period. Table 14 lists the baseline VOC emissions. This testing 

indicated that the benzene and toluene levels increased across the FFDC. 

While higher values were measured for both benzene and toluene during 

this report’s test period, it still appears that a sampling problem is causing 

a low bias for the FFDC inlet values. Because of the high particulate 

loading at the FFDC inlet, it is believed the inlet-sample-filter collected 

particulates, and that the particulates absorbed benzene ani toluene; 

causing a low bias. The FFDC inlet values are considered suspect, but 

because of the minimal particulate loading at the FFDC outlet, these 

values are considered accurate. 

Baseline Results for Mercurv Sueciation 

Table 15 lists the baseline mercury speciation results. At the FFDC inlet, 

it is likely that carbon and/or other particulate matter impacted the filter 

plug used to prevent solid matter from entering the sample train and 

removed vapor-phase mercury from it. Therefore, the results for Hg”, 

methyl-Hg, and Hg are semi-quantitative and represent the lower 

boundaries in their emission levels. 

The total-Hg level in the filter plug was 1.9 pg/Nm’. This level compares 

well with the total-Hg level from the multi-metals tests conducted during 

the SNCR testing (2.4 pg/Nm3) but, recall that this result is believed to be 

biased high because of one high value. Due to possible sampling problems, 

Test 3 appears to be severely biased low and was not included in the 

average. 
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Only Hg” and methyl-Hg were detected at the FFDC outlet. No mercury 

species were detec!ed in Test 1. Total-Hg emissions at the FFDC outlet 

averaged 0.07 pg/Nm’. In contrast, during the SNCR testing, the multi- 

metals tests for total-Hg averaged 0.52 pg/Nm’. Although there is no 

explanation for the order-of-magnitude difference between the two mercury 

values, it should be noted that both values are very near their detection 

limits. 

Frontier Geoscience analyzed coal and fly ash samples taken during testing 

on March 15, 1993 and performed a mass balance, shown in Table 16. 

Overall, the mercury speciation results agree with the fuel and ash levels. 

Note that the use of total-Hg level from the mercury speciation testing 

increases the FFDC’s removal rate for mercury to 96.3% from the 77.9% 

of the multi-metals train. 

Baseline Results for Total and Hexavalent Chromium 

An EPA recirculation train was used to measure total-Cr and Cr’6 levels at 

baseline conditions. Since there is significantly more chromium at the 

FFDC inlet, testing was conducted there to obtain more accurate 

speciation results than could be obtained at the FFDC outlet. Table 17 

lists the baseline total-Cr and Cr’6 results. The recirculation train detected 

an average total-Cr level of 93.3 pg/Nm’ compared to an average of 

63.7 rg/Nm3 for the multi-metals train performed during the SNCR tests. 
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Element ( Test 1 1 Test 2 / Test 3 1 Avg. 1 ii$ ~1 Uncert. ‘1 

Total0 bg/Nm’) / 121 1 W.1 69.2 / 93.3 / 40.9 / 70% /I 

C? tpg/Nm’) 5.74 1 2.52 7.25 / 5.17 / 2.56 11% 1 

CP’/rotal-Cr 4.8% / 2.8% 5.2% 4.3% / .- -- .i 

Estimated CP’ Outlet Emissions’ (ug/Nm’) 0.02 _- __ 

1. Total-Cr = (Total-G) ’ (filttan~ + HNO,frdction) + (Crd, * (NaOH fraction). 
2. Total-Cr and cr* reagent blank kvzk were not dacctcd. 
3. t=,cld bhnk levels were not rublracw, Imm ldm-amy MUI!S. avrmgc sample volume uwd for pg/Nm’ 

catulationr. 
4. Cr40utlcl cmirrions - lolaI-Cr (outlet) * Cr4fTotal-Cr. %. 
5. 02, CO *, and lluc-gas bmatc Imm rorrupnding isokinc*ic *cs*. 
Table 17: Total and Hexavalent Chromium Emissions from EPARecirculation Method 

This difference is within the range of uncertainties but it may have been 

affected by two other factors: 

l The recirculation train uses a single-point sample at the FFDC inlet. In 
contrast, the multi-metals train uses a traverse of the inlet duct. The 
multi-metals train may obtain a more representative sample. 

l The field blank levels were very high for both total-Cr (44% of sample) 
and Cre6 (50% of sample). While no sampling or recovery problems 
could be determined, one may have existed that caused the chromium 
results from :he recirculation train to be biased high. 

Only 4.3% of the total-Cr was measured as the potentially more toxic Cri6. 

Assuming that the FFDC collects all chromium species equally, it is 

estimated that the total Crt6 emission at the stack is only 0.02 pg/Nm3. 
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E. Solids Stream hlonitoring 

Coal Analvsis 

Table 18 lists the analysis of the coal for trace metals and acid forming 

anions. In addition to the standard analytical method described in the 

EMP (ICP-AES), instrumental neutron activation analysis (INAA) was used 

to detect arsenic, barium, mercury, selenium, and chlorine to achieve better 

accuracy. The resolution of the standard method was too low to detect 

arsenic, mercury, selenium, and chlorine, but not barium. INAA and the 

standard method (ICP-AES), however, produced grossly disparate results 

for barium. After careful examination, the ICP-AI3 results for barium 

were judged inconsisten: with the coal matrix and the INNA results were 

used. 

An elemental analysis was performed for chlorine (as Cl- ), fluorine (as 

Fl- ), phosphorous (as PO,‘- ), and sulfur (as SO,‘- ). Low uncertainties 

for these values indicate good agreement between the replicates. The 

results measured for Cl-, however, were higher than expected and not 

consistent with the gaseous data. INAA was also used to measure Cl- and 

it reported much lower values for it. The INAA data are believed to be 

more representative of the coal. 
- 
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Flv Ash A 

Table 19 lists the analysis of the fly ash for trace metals and anions. 

Except for cadmium and chloride, all trace metal and anion species were 

reported above their detection limits and, except for arsenic and mercury, 

with relatively good precision (uncertainty below 100%). A single low 

value for arsenic increased the uncertainty for arsenic and biased its 

average low. The results for mercury are very near its detection limit, so 

the higher uncertainty reflects a lack of confidence in these values. 

As discussed in Section IV.B, ion-chromatography fails, to measure the 

entire amount of oxidized phosphorous compared with the elemental 

phosphorous measured by ICI’-AES, so phosphate results are not included 

in Table 19. Also, a laboratory problem occurred with the measurement of 

chloride in the fly ash. A laboratory interference caused the detection limit 

to increase from the expected limit of 5 to 50 mg/kg. All chloride fly ash 

values were below this limit. As chloride emissions are gaseous, only low 

levels, if any, of chloride would be expected in the fly ash. 

Bottom Ash 

Bottom ash is sluiced from the boiler to an on-site pond. The sluice water 

was sampled before it contactei the bottom ash and analyzed for trace 

me!als. The mixture of the sluice water and bottom ash was sampled, 

analyzed, and corrected for any toxics found in the sluice water alone. 

Table 19 also lists these results. 
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Cadmium, mercury, molybdenum. selenium, and fluoride were reported 

below their detection limits. Of the species reported above their detection 

limits, only lead, chloride, and sulfate exhibited relatively poor precision. 

The lead and chloride uncertainties can be attributed to the low levels 

reported for one replicate. Since the sulfate levels in the bottom ash are 

less than 0.1% of the total input of sulhu, the uncertainty for sulfate is 

insignificant. 

F. Mass Balance Results 

Mass balances are an important quality check on toxics-emission data. The 

use of different sample and analytical techniques to measure toxics in both 

gaseous and solid forms is, at best, difficult. Mass balances provide a quick 

means for determining how we!l various analytical methods agree. The low 

absolute quantities of the measured materials, however, make a 100% mass 

balance very unlikely. 

There are three major sources of potential error in the mass balance: 

operating conditions, analytical difficulties. and sample collection and 

handling. Since Arapahoe 4 operated at or near steady-state conditions 

and the daily tests show that the same coal was fired throughout the tests, 

operatingconditions are not likely to contribute any significant sources of 

error. Analytical difficulties usually only affect the results for individual 

replicates or species, so they are considered with each species. Normally, 

analytical difficulties outweigh sampling problems. On a utility coal-fired 

unit, however, obtaining representative samples from process streams 

flowing at thousands of pounds per hour adds a major source of potential 

error. It should also be noted that uncertainties only represent consistency, 

not accuracy. 
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Table 20 shows r.he mass balance results for the SNCR testing. Only 

compounds dependent on the fuel inputs can be balanced. The 

boiler/FFDC mass balance uses the coal as its input: it uses the bottom 

ash, fly ash, and FFDC outlet as its outlets; and represents the overall mass 

balance. The boiler mass balance uses the coal for its input; it uses the 

FFDC inlet and the bottom ash as its outlets; and it represents an 

intermedkte mass balance. 

A comparison of the intermediate and overall mass balances in Table 20 

shows that, in general, the intermediate balances are significantly lower 

than the overall balances. On average, the aggregate of the intermediate 

balance is 44% lower than the aggregate of the overall balance. A low 

bias for the bottom ash is the most likely reason for the low bias of the 

intermediate balance. Since obtaining a bottom ash sample from a utility 

coal-fired unit is very difficult, only a small grab sample from one part of 

the boiler is obtained. This sampling technique does not meet any of the 

general requirements for obtaining a representative sample and introduces 

an unknown bias. The bottom ash data, however, affect the overall mass 

balance least, so the overall mass balance is considered more accurate than 

the intermediate mass balance. 

The mass balances for the majority of the trace metals a~nd anions range 

from 68 to 119%. The mass balances for barium, beryllium, molybdenum, 

and selenium, however, were significantly lower; they ranged from 26 to 

57%. 
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-4 

Trace uetsls 

Arsenic2 

Barium2 

E!wy’li”rn 

Cadmium 

Chromium 

Cobalt 

CoPPer 

Lead 

Manganese 

Mercury 

Molybdenum 

NiCkll 

Salenium 

Phosphorus 

Vanadium 

klrage MehJs 

Calcium 

Sodium 

AcidcOrming tibns 

Chloride as Cl 

Ruorids as F 

Phosphate’ 

SUItate 

Fuel FFXhM BotemM Rykh FFDC 
chw 

56 12.8 15 51 0.15 

2!%7cn 192 2.210 5.553 1.1 

48 7.5 3.2 15 c 0.02 

c5.3 2.0 <I.0 C6 -co.07 

125 50.8 19 87 0.30 

114 26.3 12 75 co.23 

324 2w 32 231 1.3 

195 45.6 22 180 0.44 

45a 88.3 103 388 0.89 

1.7 1.9 c 0.2 1.2 0.41 

44 11.7 < 2.0 23 0.2, 

8a 29.4 12 77 0.45 

127 11.9 c43 23 <o.c6 

27.703 9x0 4.ccc 25.500 4.6 

379 120 48 351 0.29 

187.oM 

39.cca 

880 

2.7w 1 34.903 

63x 

lffl.cm 

29.3ol 1 28.6 

367 

lb/lO” Btu - - 

lb/lo” Btu 

1.4w 1,650 122 C3W 719 

7.400 5.780 ~6.1 196 4.810 

WA WA N/A WA WA 

Mass f3alanl, 

lk4er/ ikiler’ 
FFX’ 

119 

26 

39 

WA 

85 

77 

81 

103 

107 

108 

57 

102 

52 

107 

105 

83 

117 

91 

% - 
M 

8 

22 

WA 

55 

34 

73 

35 

42 

124 

31 

47 

44 

48 

44 

47 

19 

23 % 
81 80 ---I- 68 78 

WA WA 

/ ( 759,003 * 1.15c.ccc 1 988.ow / 1.520 9.130 

NOW ‘cm indicates that the quantity mcarurcd u-as Icss than the dcm!ion limit thus the dc!sr~ion limit is shown 

1. Boilcr/FFDC mas balance calculated using (inlet + botrom arh)/luel. 

2. Fuel conccntmtions from IN&t. 

Table 20: SNCR Mass Balance Results 
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Barium 

As the results from ICP analysis appeared to be severely biased low (as 

previously described), INAA was used to determine the level of barium in 

the coal. ICP analysis was used for the flue gas and ash samples. The use 

of different analytical techniques may have introduced an unidentified bias 

and caused the poor mass balance closure. The mass balance calculated by 

using the original ICP data also had closure problems, but it showed a very 

low barium content for the fuel. Due to these and other possible unknown 

biases, the confidence in the barium data is low. 

Bervllium 

The fuel :esults for beryllium appear to biased high. A triplicate sample 

from previous fuel testing showed a beryllium content of 20 Ib/MMBtu 

compared with 48 Ib/MMBtu for the current testing. Using the 

20 Ib/MMBtu value to calculate the mass balance results in a 91% mass 

balance. In addition, a comparison of the results for beryllium from this 

test period with the USGS data indicates that this test period’s value is 

biased high. 

Molvbdenum 

The results for molybdenum were very low, less than five times its 

-detection limit. The fuel results from this test period appear to show a 

high bias while the fuel data from the previous test period appeared to 

show a low bias for molybdenum. The molybdenum value from this test 

period is within the range of the USGS data. Considering the low levels 

detected, a mass balance of 57% for molybdenum is reasonable. 
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Selenium 

The mass balance for selenium was low, indicating either a high fuel bias 

or a low outlet bias. As with beryllium, INAA was used to analyze the coal 

samples while ICP was used to analyze the FFDC-outlet samples; the use 

of two techniques may have introduced an unknown bias. Also, it should 

be noted that selenium is a very difficult element to measure. 

Comoarison of Baseline and SNCR Test Results 

Table 21 compares the fuel-input, FFDC-inlet, and FFDC-outlet results for 

the baseline and SNCR testing. Within the variability and accuracy of the 

sampling and analytical procedures, the injection of urea into the boiler did 

not change the emission levels of most trace metals and anions, except for 

ammonia. The results for benzene and toiuene measured at the FFDC 

inlet during the SNCR test period are an order of magnitude higher than 

the last test period. Because of the difficulry of sampling in a duct with a 

high particulate loading, both sets of these values are believed to be biased 

low. The high particulate loading appears to have had a greater effect on 

the results from the last test period. 
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Ii spe3as ,! Fuel hpu! FFDC hlet 
I! 

FFDccunet E 
d 

I ( Baseline SNCa ~ saeseiine SNCR Saseline SNCii 

Ib/lO" 3!u lb/10T2 Dtu 1. lb/10y2 Btu ! 

18 Arrenic I 43 55 ! 23.1 12.8 I 0.75 i 0.15 I1 

I 37.E.m 22.703 ;: 234 
Y 

( Barium 192 :: 
( 

1.1 ! 1.1 I: 

Table 21: Summary of Emissions from Baseline and SNCR Testing 
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Iv. Summary of Air nxics hlonitoring Results 

Table 3 lists the 21 potential air toxics 

measured at Arapahoe Unit 4 during 

the sodium-based DSI test period. 

Sampling of the air toxics occurred on 

October 14 and 15, 1993. No 

sampling occurred during sootblowing 

operations. 

Tr%X 
Metals 

II 

Anions ’ 

Calcium 
Chloride 
Flunrirlr 

Sodium 
Sulfate 

I. Elemcnul precursors of these anions measured in he fuel 
This report presents the air toxics data (Cl. F. S). 

for the sodium-based DSI system. Table 3: Target Compounds for Sodium- 
Based DSI System 

Three other series of air toxics 

mc?surements were completed as part of the project. Baseline air toxics were 

measured from November 17, 1992 through November 19, 1992. Results from 

this testing are contained in the Environmental Monitoring Report for the Low 

NO, Combustion System Retrofit Test Period, report dated February 1994. Air 

toxics were also measured during the Selective Non-Catalytic Test period from 

March 8, 1993 through March 11, 1993. Results from this testing are contained in 

the Environmental Monitoring Report dated November 1994. Air toxics were 

also measured during the calcium injection testing period on October 19,20,1993. 

Results from this testing is contained in the Environmental Monitoring Report 

dated April 1997. Table 4 compares the target air toxics measured during each of 

the four ~test series. 
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Low-NO,. 
CD&USdO” 

Tea Pcriad 

SNCR CdchBrud DS, sodi 

Bvclii ’ SNCR I Ebdii I Calcium 

LOSS-O”. 
lpidon I 

x 
I 

X x X 

1. Polychlotirarcd dibcnzo-pdioxinr (PCDD) ad polychlorinnlcd dibenrofinns (PCDF). 
2. Due to anomaIow conuminaion of nadve 2.3.7.8.PCDD/PCDF iwmers in dx mcrhod blanks. samples, archived r&n, the 

results ol lhcss OIL( are invalid and WCR rcpcaed during dtc calcium-bared DSI test period. 
3. Some batsline tesu were repwsd in tbs SNCR test period. 

Table 4: Target Compounds-Test Period Comparison 

PSCC contracted’ with Camot, Inc. of Tustin, California to complete the air toxics 

work at Arapahoe Unit 4. Fossil Energy Research Corp. of Laguna Hills, 

California provided some assistance at the site and with data collection. Table 5 

lists the laboratories used to analyze the collected samples. 
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Table 5: Laboratories for Air Tonics Analyses 

The Environmental Monitoring Plan (EMP) Addendum for Air Toxics Monitoring, 

dated July 1993 includes details on the method used to determine the tot-1 mass 

flow of the air toxics. In addition to the measured concentration of the air toxics 

in the sample, mass flows of the solid and gas are required. Table 6 lists the mass 

flow rates for the flue gas and the solids used to determine the mass flow of the 

toxics. The actual flue gas flow rate is used for each of the trace metal, 

particulate matter, and anion tests. The existing plant equipment was used to 

meaStKe the coal flow. The measured particulate loading and flue gas flow rate 

was used to calculate the flow rate of the fly ash and the stack ash. The coal 

input and the fly ash flow rates were used to calculate the bottom ash flow rate. 

Table 7 lists the average operating conditions of Arapahoe Unit 4 during this test 

period. 
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Figure 1 shows a simplified diagram of the unit and shows the five different 

sample locations. Gaseous samples were obtained at the inlet and the outlet of 

the FFDC. Solid samples of unpulverized coal, bottom ash, and fly ash were also 

obtained. 

Table 8 shows the test methods used that differed from those planned in the 

EMP. 

-- 
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FFDC 
l”lCl 

FFDC 
oullct 

Fuel 

RYd 
LWtom 

Ash 

rcics 

*rscnic 

Cadmium 

Chromium 

EMPsprinDd t.kmcd I Mcthcd “$4 

I EPA SW 846-7060 I‘FA.4, 

EPA 5%’ 846.7131 (ICP) 

EPA SW 646-7191 GFAAI 

Arrcnic EPA SW 846-7060 GFAA) 

Cadmum EPA SW 846-7131 (ICP) 

Chromium EPA SW 846.7191 GFM.1 

Awnic 

aanvm 

Chlorine 

SUlfaU 

Cadmium 

Mercury 

Selenium 

ChtOml”.Tl 

Lcad 

Calcium 

Sodium 

hlangmcw 

Van.?dium 

EPA SW 846.7060 (GFAA, 

EPA SW 8.46.6410 KP) 

ASTM D-Q08 6: ISP 

EPA SW 846.300X 

EPA SW 846.7131 (ICP) 

EPA SW 846-7470 (CVAA) 

EPA SW 846-7740 (CFAA) 

EPA SW 846-7191 (CFAN 

EPA SW 846-7421 (CFAA) 

EPA SW 846.MI0 (ICP) 

EPA SW 846-6010 IICP) 

EPA SW 846.M)lO (ICP) 

EPA SW 846-6010 (ICP) 

aariun 

Bcfyllium 

Cadmum 

Chromium 

Cobalt 

Copper 

hil”p”CSc 

t.iMC”ry 

Molybdenum 

Nickel 

Phosphorus 

Vanadium 

Calcium 

Sodium 

Fluoride 

EUlfire 

EPA SW 846-6010 (ICP) 

EPASW 846.KJIO (ICP) 

EPA SW 846-6010 (ICP) 

EPA SW 846.6010 (ICP) 

EPA SW 846.6010 (ICP) 

EPA SW 846.6010 (ICP) 

EPA SW 846-6010 (ICP) 

EPA SW 846-7470 CVAA 

EPA SW 846-6010 (ICP) 

EPA SW 846-6010 (ICP) 

EPA SW 846.6010 (ICP) 

EPA SW 846-6010 (ICP) 

EPA SW 846.6010 (ICP) 

EPA SW 846-6010 (ICP) 

EPA 3OO.OUC) 

EPA 3OO.O(IC) 

I - 
EPA SW S46-6010 (ICP) 

EPA SW 846.6010 (ICP) 

EPA SW 846.6010 KP) 

- 

Table 8: Test Methods Different from EMI’ 

EPA SW 846-6010 (ICP) 

EPA SW 846.Ml10 (ICP) 

EPA SW R46.6010 (ICP, 

INM 

EPA SW 846-6’310 (ICP wiih EPA3050 digestion) 

ItGAA 

ASTM D4239 k LECO SC-132 

INM 

BAA 

I&AA 

EPA SW846-6010 (ICP-AES) 

EPA SWE46-7420 @FAA) 

EPA SW 846-6010 (ICP with EPA3050 digcrtion) 

EPA SW 846-6X0 IICP wilh EPA3050 digerdon) 

1tG.A 

IXAA 

EPA SW 846.7060 ICP-AES 

EPA SW 846-7060 ICP-AU 

EPA SW 846-7060 ICP-AES 

EPA SW 846-7060 ICP-AES 

EPA SW 846-7060 ICP-AES 

EPA SW 846-7060 ICP-AES 

EPA SW 846.7060 ICP-AES 

EPA SW 846-7471 ICP-AES 

EPA SW 846-7060 ICP-AES 

EPA SW 846-7060 ICP-AES 

EPA SW 846.7060 ICP-AES 

EPA SW 846.7060 

EPA SW 8467060 (ICP wilh EPA3050 digcnion) 

EPA SW 846-7471 (ICP wirh EPA3050 digcrdon) 

EPA 340.2 (ISE) 

ASMD4239 k LECO SC-132 
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A. Uncertainty Analysis 

In the tables that follow, a value for uncertainty expressed as a percentage is 

provided for all data. The calculation method used is based upon ANWASME 

PTC 19.1-1985, “Measurement of Uncenainty.” The uncertainty is based on a 

95% confidence interval for the mass emissions for the target species but is 

expressed as a percentage so that it may be applied to other units. A very 

important part of the method is assignin g an estimated bias error for the major 

variables. The value presented represents only an approximation of the 

uncertainty as not all bias errors may be estimated. The uncertainty is also not a 

measure of long-term trace species emissions for this boiler, but only the 

uncertainty for the specific test period. It was assumed that the samples are a 

normal population distribution. No bias values were assumed for analytical 

results unless the result is less than the detection limit. If so, then one-half of the 

detection limit was used as an estimated bias. Table 9 summarizes the bias values 

used to determine uncertainties for other measured variables. 

Location Particle FIowrate 2 Fuel Fly Ash 
Collection ’ Flowl-ate ’ FIonrate ’ 

Inlet 15% 0% 0% 15% 
Ourlet 0% 0% NIA NIA 

I. Bias cqualr diffcrencc bnveen paniculats pitot flue gas flow mcarurcmcnr and hear raw kxw-xes. 
2. No Bias estimate as measured inlet. measured ouder. and calculated flow agreed within 5%. 
3. No Bias cslimacc as calcuhcd flue gas flow based on coal feed agreed with mcasurcd cutler flow. 
4. Bias equal u) the inla pardculau collection bias. 

Bottom Ash 
Flow Rate’ 

15% 
NlA 

Table 9: Summary of Bias Values Used for Uncertainty Calculations 

B. Treatment of Non-Detectable Rleasurements 

Many of the target species for which a measurement was attempted were not 

found using the specified sampling and analytical techniques. If a measurement 

was not possible, the value that could have been measured, i.e. the detection limit, 

if the trace emissions were present are reported. The “non-detects” are shown as 
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less than the detection limit. The difficulty occurs when averaging various 

samples of which some or all of the measurements are below the detection limit, 

The following summarizes the two cases: 

1. All values below detection limit: The arithmetic average of the detection limit 

is shown with a “<“sign to indicate that the trace species is less than the 

reported average detection limit. For example, if a species was not found and 

the method provided a detection limit of 0.45,the value is reported as <0.45. 

2. Some, but not all, values below detection limit: The value of all 

measurements above the detection limit are averaged with one-half of the 

detection limit. For example, if three measurements of 10. 8, and <6are 

found, the average would be (10+8+6/2)/3 or 7. Note that no “<“sign is used 

in these reported averages even though some of the values are below the 

detection limit. If the average calculated with this me:hod is iess than the 

greatest detection limit; the largest detection limit is reported and a ” < ” 

symbol is used. For example, if values of 6, <4,and <2were reported, the 

average would be reported as <4 and not (6+4/2+2/2)/3 or 3. 

C. Treatment of Blank Values 

Three different types of blanks were used as part of the air toxics testing quality 

assurance (QA) program. The QA program included field blanks, reagent blanks, 

and laboratory preparation blanks. 

Field blanks are samples obtained by assembling a complete sample train at the 

test site using the same procedures as when obtaining the actual sample. The 

sample train is then leak checked and disassembled to recover and analyze the 

sample. Field blanks are not used to “correct” the data generally but they are used 

to provide an indication of the quality of the sample. 
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Reagent blanks consist of samples of the reagent and/or filters that are collected 

at the site. Analysis of these samples show if any of the results u'ere caused by 

existing levels of the trace species in the material used to collect or recover the 

sample. If measurable values of the trace species are found, the data is usually 

corrected by subtracting the value measured in the reagent. 

Laboratory reagent blanks consist of samples of the chemicals used during the 

measurement analysis. If measurable values of the trace species are found, the 

data is usually corrected by subtracting the value measured in the reagent. Any 

measurable values in the laboratory reagent may be caused by initial trace species 

in the chemicals or in the analytical procedures. 

In the tables that follow the value of the field blank is shown for reference, but 

none of the data has been changed due to these measurements. If a measurement 

has a value near the field blank measurement, there may be some question as to 

the accuracy of the data and the reported value may NOT be source related. A 

separate column lists a blank correction percentage for all trace species that were 

corrected due to either a reagent 

percentage calculated as follows: 

or laboratory reagent blank. This is an average 

% blank correct = * 100 
number of samples 

For example, if three samples contained 10, 5, and 4 mglkg of a trace species and 

the reagent blank was 2 mglkg, the blank correction would be: 

blank correction = 2 & + T + t 
I 

100 + - =37% 
3 

Thus on average, the actual value measured was 37% higher than the value 

reported in the table. If the blank correction is reported as O%, no blank 

September 11, 1997 IS 



correction was calculated and the reported value was the measured value. Note 

rhat in most cases a high blank correction value does not mean that the data is 

inaccurate. If a sample was contaminated u,ith a trace species due to a filter, and 

the filter was analyzed and the data corrected, it is likely that the data is 

meaningful. 

D. Gaseous Species Monitoring 

This section reports the trace metal, acid-forming anion, and FFDC removal 

efficiency from the air toxics testing of the sodium-based DSI system. 

Trace Metal and Anion Emissions 

Table 10 lists the gaseous trace metal emissions and Table 11 lists the gaseous 

anion emissions for this test period. Although calcium and sodium are neither 

trace metals nor air toxics, Table 10 also lists them. 

Previous air toxics test series have reported a wide unexplained variation of 

barium, calcium, and sodium in various solid streams between different test 

methods. Curtis and Tompkins, the laboratory completing the analysis, 

investigated and discovered a problem with the ASTM D3683 ashing/acid 

digestion method of sample preparation. Coal samples were prepared according 

to ASTM D3683 and also EPA method 3050. The EPA method does not require 

ashing or digestion using HF acid. A comparison of the data with the two 

different digestion methods compared to INAA is shown in Table 12 and suggests 

that ASTM-3683 may have a significant low bias. 

EPA method 29, multi-metals method, also uses HF acid for digestion of solid 

matter collected in the sample train. Due to the potential negative bias that may 

be caused with HF acid, all data collected for barium, calcium, and sodium from 

the solid samples using Method 29 are believed invalid and are presented for 

September 11, 1997 19 



2 
2 = 
-e 

3. 
;I 
- 
f: .u 
5 - 

? 
< 

- 

0 
; 

- 
N 
g 

- 

z 

= 

Gd 
G 
1 

c 
- 

m 
I- 
,r -i 
- 

-2 
:: 
3 
- 

Y < 
- 

0 
2 

- 

N 
2 

- 

E 

- 

% 
j: 

E 





D3683 E3050 
mg!K- e mg/K:g 

Barium 5,976 24,390 

6,670 17,447 

Calcium 122,740 213,404 

78,917 204$?9 

Sodium 14,843 64,322 

31,849 27,423 

- 

LY.4.4 
mgKg 

33,122 

28,925 

NP 

h-P 

1055,096 

46,099 

Table 12: Comparison of Alternate Digestion Methods with INAA 

information only. Table 13 compares the inlet fuel levels to the values measured 

at the FFDC inlet determined from the Method 29 test using HF digestion. Note 

the very large discrepancy in the inlet values. It is believed that the fuel values 

are more accurate and that the FFDC inlet values for the three elements 

presented are invalid. They are shown in this table only to note the large 

variation that was believed due to the HF digestion technique. Note that the 

inlet values are based on a large amount of particulate matter that is present at 

the FFDC inlet. Due to the very low particulate at the FFDC outlet, the possible 

interference with HF digestion is not believed to significantly affect the outlet 

data. While fly ash and coal samples could be reanalyzed after the discovery of 

the possible interference, it was not possible to re-analyze the Method 29 tram. 
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FUCI FFDC Inlet 
lb/IO ” Btu lb/IO ” I!tu 

barium 24,400 169 

calcium 213,000 192 

sodium 64,300 1,751 

Table 13: Comparison of fuel vs FFDC Inlet Measurements 

Percent 
Difference 

12,SlO% 

110,83S% 

3,572s 

In addition to the high uncertainty for barium, calcium, and sodium discussed 

above, high uncertainty of greater than 100% occurred for beryllium, chromium, 

cobalt, manganese, molybdenum, nickel, and vanadium. All these high 

uncertainties were caused by very high readings for Test 1. A review of the data 

logs and sample methods did not reveal any sampling errors that could explain the 

differences. The measured inlet values for chromium, cobalt, molybdenum and 

nickel, when combined with the bottom ash analysis, resulted in values that were 

larger than the fuel input rates indicating that a problem with sampling may have 

occurred. One possible explanation for the high readings in a single run is that 

during sample recovety some of the acid reagent used for clean-up contacted the 

stainless steel fittings of the sample train and contaminated the samples. It is also 

possible that rust or other material not associated with the combustion product 

was collected in the sample train and contaminated the sample. 

At the FFDC outlet, only air toxics arsenic, lead, mercury, and phosphorous had 

uncertainty values above 100%. Possible sources of these high uncertainties are: 

l Arsenic. It has been difficult to obtain good agreement among the results 
generated by ICP-hydride analysis. 
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l Lead. The to 30%, However, contamination uncertainty. 
l Mercury limits. 
At the FFDC CEM measured 



The removal efficiency of sodium injection and the FFDC for chloride was 

only 6%. Outlet levels for chloride accounted for 54% of the chloride input of 

the coal. This is significantly lower removal than the other three air toxics tests 

which were over 50% especially since sodium injection is believed to efficiently 

capture gaseous chloride. An investigation of the sample procedure could find no 

reasons for the lower than expected removal, but the outlet chloride levels are 

lower than in the tirst two test programs. This suggests a possible measurement 

problem with the inlet chloride levels. The removal efficiency of sodium injection 

and the FFDC for fluoride was 85%. The flue gas levels of fluoride decreased 

from 12 ppm at the FFDC inlet to 1.7 ppm at the FFDC outlet. Outlet fluoride 

levels accounted for only 12% of the fuel input. These removals compare well 

with other testing that obtained approximately 90% fluoride removal. This 

indicates that sodium injection did not improve fluoride emission reduction across 

the FFDC. The removal efficiency of sodium injection and the FFDC for sulfate 

was 68%. Outlet sulfate levels accounted for only 32% of the sulfur input of the 

coal. 

September 11, 1997 25 



Species 

Trace Metals 

Inlet 

lb/IO ‘: Bru 

Arsenic 30 

Barium ’ 189 

Beryllium 9.0 

Cadmium 3.6 

Chromium 135 

Cobalt 43 

Copper 245 

Lead 80 

M~gXleSe 113 

Mercury 1.2 

Molybdenum 32 

Nickel 62 

Selenium <66 

Phosphorus 11,600 

Vanadium 178 

Calcium ‘.’ 192 

Sodium ‘.’ 1,750 

AVerage -_ 

rotat Particulates 

Acid-Forming Anions 

1 T - 

1 

5.92 lb/MM&u 

lb/IO I’ Btu 

39 

825 

864 

418 

7,250 

7,670 

8,910 

1.13(104 

1.14(109 

Outlet 

lb/IO ” Btu 

0.47 

2.53 

<O.O? 

<0.06 

0.15 

<0.23 

0.59 

0.36 

0.29 

0.41 

0.23 

0.23 

0.36 

1.5 

0.13 

33 

112 
__ 

0.0019 IblMhlBtu 

lb/l0 ‘I Btu 

19 

791 

811 

27 

1,110 

1,140 

89 

3.69(10)’ 

3.69(10)’ 

FFDC Removal 

98.4 

NV 

>99.7 

> 98.4 

99.9 

>99.5 

99.8 

99.6 

99.7 

67.5 

99.3 

99.6 

99.5 

99.99 

99.9 

NV 

NV 

> 97.2 

99.91% 

% 

50.0 

4.1 

6.1 

93.7 

84.6 

85.1 

99.0 

67.5 

67.7 

+ *<’ indicates hat the quanriry mcarurcd was less than the dclecrion limit r&r tic deucrion limit is shown. 

I. Included even though neither PR rxe metals nor air wxics. 

2. Valuer for hcse FFDC ink ma.ls are rcponcd but bclicvcd invalid due to possible intcrfcrenccs (ICC text). 

Table 14: FFDC Removal Efficiency 
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E. Solids Stream 1Ionitoring 

Sorbent Analvsis 

Table 15 lists the analysis results for the 

sodium-based sorbent. 

i3UlZ”, SC&Urn-- 
bum mgw 

*ncnic <II 
asnum 16 

Bcrsllium CO.42 
Cadmium <!.I 

Coal Analvsis Chromium <2.1 
CObah Cd.2 

During ,the previous air toxics test series it COppCr I.1 
was believe that non-representative Lead 7.9 

sampling may have contributed to some of Mangame ’ 9.6 

the variation that was seen. For the Mcrcuy <0.1 
Molytdcnum <.a 

current program, an independent sample 
Nickel Cd.2 

consultant was used to assist in reviewing / Selenium <II 
and modifying the coal sampling 

procedure. Rather than obtain coal 

samples from rhe coal hopper, the feeders 

were stopped for a short time and coal 

samples were retrieved directly from the 

feeder. 
+ No blank comcdons used. 
1. Chlotidc r:sull rvcngc of EPA 3W.Oand EPA 325.2 

analyrlr ICIUIU. 

Table 15: AirTories Analysis of Sodium- 

As discussed in the gaseous trace metal Based Sorb& 

sections, coal samples were analyzed using different methods for many of the 

trace metal data points. On average, there were three sets of data with some 

having as many as six sets. For example, one point had results from: 

l Curtis & Tompkins analysis using conventional digestion. 

l Curtis & Tompkins analysis using EPA 3050 digestion. 
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6 Standard Laboratory’s analysis. 

l Curtis 8r Tompkins triplicate analysis using conventional digestion 

l Curtis & Tompkins triplicate analysis using EPA 3050 digestion 

l INAA. 

Except for a few cases, the results from these different sources did not agree. 

Ideally, if the data for one element from one set was consistent with expected 

levels and other process streams, then the data for elements within the same data 

set processed by the same lab and method would also be consistent. 

Unfortunately, a common bias for a data set could not be found other than 

methods that depend upon HF acid digestion concerns. Therefore, the use of a 

particular data set depended on its agreement with levels determined in other 

input and output streams from the same test program. 

Table 16 lists the analysis of the coal for trace metals and acid-forming anions for 

the INAA and base method analysis. Although neither calcium nor sodium are 

trace metals or air toxics, Table 16 also includes them. All trace metals were 

detected in each replicate. Of the 15 trace metals, phosphorous and barium were 

the predominant metals and were consistent within expected levels. All elements 

had uncertainties under 100% except for cadmium. 
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Fiv .Ash 

Table 17 lists the analysis of the bottom and fly ash for trace metals and anions. 

Although sodium and calcium are neither trace metals nor air toxics. Table 17 

also lists them. Except for cadmium, all trace metals were measured above their 

detection limits. Of the 15 trace metals, phosphorous and barium were the 

predominant elements. However, the barium levels were not consistent with the 

input levels and indicate a low bias for the barium levels in the fly ash. The trace 

metal levels for the replicates exhibit good agreement, thus uncertainties are 

relatively good at significantly less than 100%. 

With the increase in the FFDC’s removal efficiency for anions, the fly ash levels 

of chloride, fluoride, and sulfate are higher than those from the low-NO, 

combustion and SNCR test periods. The fluoride result for Test 1 was 

significantly lower than the two replicate tests. A review of the sample and 

analysis methods did not find any reason for the large variation but this sample 

point was not included in the average. 
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Rnrtom .Ash 

As with the coal and fly ash analyses. phosphorous and barium were the 

predominant elements in the bottom ash. The average results for cadmium, 

mercury, molybdenum, and selenium are reported below their detection limits. 

Uncertainty levels below 100% indicate good agreement between the replicates. 
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F. Mass Balance Results 

Mass balances are an important quality check on roxics emissions data. Using 

different sample and analytical techniques to measure toxics in both gaseous and 

solid forms, at best, is difficult. Mass balances provide a quick means for 

determining how well various analytical methods agree. The low absolute 

quantities of the measured materials, however, makes the occurrence of a 100% 

mass balance very unlikely. 

There are three major sources of potential error in the mass balance: operating 

conditions, analytical difficulties, and sample collection and handling. Since 

Arapahoe Unit 4 operated at or near steady-state conditions and the daily tests 

show that the same coal was fired throughout the tests, operating conditions are 

not likely to contribute any significant sources of error. Analytical difficulties 

usually only affect the results for individual replicates or species, so they are 

considered with each species. Normally, analytical difficulties outweigh sampling 

problems, but in this program the difficulty of obtaining representative samples 

from process streams flowing at thousands of pounds per hour adds unusual 

sources of potential error. It should also be noted that uncertainties only 

represent consistency, not accuracy. 

Table 18 shows the mass balance results for the sodium-based DSI test period. 

Only compounds dependent on the fuel inputs can be balanced. Since semi- 

volatile organic compounds depend on combustion parameters, they cannot be 

balanced. The boiler/FFDC mass balance uses the coal as its input and the 

bottom ash, fly ash, and FFDC outlet as its outlets.. The boiler mass balance uses 

the coal for its input and the FFDC inlet and the bottom ash as its outlets. 
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+ ‘c’ indicatcr that tie quandry mcarured was less than tie detection limit thus the dctccdon limb is shown. 

+ TP’ indicates not performed. ‘NV’ indicaur not valid. 

1. BoilcriFFDC r&&lmcc calculated using: (oudct + fly ash + hollom arh)l(fucl + sorbem). Boiler mars brlan:c calculated using 
(inlet + bonom arh)ffiel. 

2. Sodium rorbcnt Oow rate II: (weigh& of pia) l (Na flow RIG) * (104 

3. Fuel conccntndonr from INAA. 

Table 18: hlass Balance Results 
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For the o\,erall boiler/FFDC mass balance. closure results for most species are in 

the range of 70 to 130% u,hich is believed reasonable considering the many 

variables in determining these values. The closure for barium, cobalt. lead, 

mercury, and sodium were outside the expected range. 

The fuel input for barium is consistent with expected values based on coal mine 

analysis but the closure was only 32%. It is most likely that the fly ash and 

bottom ash values are biased low. Appropriate digestion procedures for the 

barium sample were investigated and sufficient problems were discovered to 

invalidate the FFDC inlet values. More investigation is required to determine the 

appropriate barium digestion techniques. 

Cobalt closure was also slightly poorer than expected with a value of 138%. 

meaning that more output cobalt was found than was contained in the fuel. The 

most likely reason was a low biased fuel measurement. Alternative analysis with 

INAA provided an even lower fuel input. Note that the coal cobalt measurement 

had a high uncertainty of 80% suggesting that fuel variation may be one source of 

the poor closure. 

Lead also had a very low closure with only 38% of the measured fuel levels found 

in the output. Uncertainties for the lead measurements in all streams were not 

excessive. It is possible that measurement technics may have problems with the 

low lead levels found. 

Mercury emissions are very low but the closure was not very good with the 

outputs only accounting for 37% of the inlet mercury. Mercury is a very difficult 

species to obtain valid measurements. The coal value obtained during the sodium 

test program was substantially higher than that obtained in the remaining three air 

toxics test periods. Uncertainties were high for all mercury measurements and 

these may be responsible for the low closure. 
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.4 mass balance was also attempted with sodium although this is not an air toxic. 

The boiler!FFDC closure was only 60%. As the inlet sodium values are 

reasonably measurable and accurate, the fly ash levels are suspect. While most 

air toxics are evenly distributed as they are associated with the coal, sodium is 

injected separately in the duct and is not well distributed. Improvements were 

made to the fly ash sampling technique during the current program, but the most 

likely cause of the low fly ash sodium levels is obtaining a non-representative 

sample. 
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G. Summary of Test Results 

Table 19 summarizes the fuel input, FFDC inlet, and FFDC outlet results for 

each of the test periods. Coal from the Yampa mine in Colorado was fired at 

Arapahoe Unit 4 for low-NO, combustion, SNCR, and sodium-based DSI test 

periods. For the calcium-based DSI test period, coal from the Edna mine in 

Colorado was fired at Arapahoe Unit 4. It is not clear whether the slightly higher 

values for many trace metals in the coal tested during the sodium- and calcium- 

based DSI test periods is due to more representative techniques or the coal. 

The increase of the trace metal levels in the FFDC inlet are consistent with the 

fuel input levels. However, if the FFDC inlet is considered as a point of 

uncontrolled emissions, the emissions levels are consistently in the same range. 

Both sodium and calcium injection before the FFDC significantly reduced the 

FFDC outlet levels of phosphorous, chloride, fluoride, and sulfate. The lower 

levels of arsenic, mercury, and selenium suggest that calcium injection removes 

these elements more effectively than sodium injection. This is likely due to the 

humidification and subsequent cooling of the flue gas and the volatility of these 

metals. 
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Table 20 compares the trace metal levels in the output streams as a percentage of 

the fuel input. A larger distribution of the trace metals in the boxom ash 

improved the mass balances for the sodium- and calcium-based DSI test periods 

The bottom ash levels for the SNCR test period appear negatively biased by 15% 

of fuel input. For the low-A’O, combustion test period, the bottom ash le\rels 

appear negatively biased by 20% of fuel input and the fly ash levels appear 

negatively biased by 15% of fuel input. The use of the same collection methods 

for all four test periods suggests that the closer adherence to ASTM preparation 

methods during the sodium- and calcium-based DSI test periods improved the 

trace metal results. Also, the use of more representative sampling techniques for 

fly ash during these test periods appears to have reduced the occurrence of poor 

trace metal results seen during the low-NO, combustion test period. 

Test Period 
Output Stream (% of Fuel Input? 

Bottom Ash Fly Ash FFDC Outlet 
Total 

m Closure) 

1 Low-NO, 9 
I 

53 
I Combustion ’ I 

2 
I 

f3 

SNCR 14 67 2 83 

DSI (Sodium) 28 63 1 92 

DSI (Calcium) 31 68 100 

I. Fuel input for sodium- and calcium-based DSI lest periods include dw rorbcm injection streams. 
2. The fuel r~suh for molybdenum appears 10 be severely biased low. ‘TIC pcrccnlagcs for Ihe low-NO, combusdon tcsr 

period are based on an avenge of LhC molybdenum IwcIs in tbc fuels from Ihe SNCR and sodium-based DSI test periods. 

Table 20: Distribution of Trace Metals Across Output Streams 
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